1. Introduction {#sec1}
===============

Ti6Al4V is one of the most popular alloys in titanium alloys family which is predominantly used in many advanced applications such as aerospace and biomedical industries [@bib1]. There are number of challenges towards machining/processing of this alloy because of its lower thermal conductivity, greater strength and chemically reactiveness. As a results, high cutting tool wear, lower material removal rate (MRR), higher machining forces, tool vibration and worse surface finish are almost inevitable \[[@bib2], [@bib3], [@bib4]\]. To avoid these aforementioned complexities during tradition machining, no-traditional machining such as WEDM is a common alternative towards the machining of titanium alloys. During WEDM, the workpiece is sunken in dielectric fluid to generate a favourable surrounding for electric spark formation to take place \[[@bib5], [@bib6], [@bib7]\]. During the process, spark erosion occurs in the neighbourhood of electrodes and form anticipated two/three dimensional shapes based on input process variables by melting/evaporating the workpiece \[[@bib8], [@bib9]\]. The difference between WEDM and conventional EDM is the use of thin wire electrode (Ø 0.05--0.3 mm) in the former case. The wire act as an electrode and moves uninterruptedly maintaining a discharge gap with the workpiece. Electric pulses of high frequency pass through the space between the wire electrode and workpiece, and discharge sparks. The material removal occurs by this spark discharges ahead of the moving wire electrode \[[@bib5], [@bib10], [@bib11], [@bib12]\].

A number of reports are available in literatures on the influence of WEDM variables on MRR during the process. Prasad *et al.* [@bib13] concludes that, a rise in MRR as well as peak current takes place with the rise of pulse on time. Kumar *et al* found the rise of wire tension and pulse on time increases the wire breakage frequency during WEDM of pure titanium [@bib14]. Sivaprakasam *et al.* conducted an experimental investigation on influence of capacitance, feed rate and voltage on surface finish, kerf width and MRR during micro-WEDM of Ti6Al4V alloy and reported that MRR rises with the rise of electric voltage [@bib15]. Low flushing pressure induce spark gap pollution which caused a sudden decrease in MRR during increased discharge energy. Optimum value was achieved at 10 nF capacitance as smaller kerf width, least machining time and smoother surface was prominent. During WEDM of grade 5 titanium alloy by a diffused brass (37 wt. % Zinc and 63 wt. % Copper) wire electrode, Arikatla *et al.* noted that, an increase of wire feed, pulse on time, server voltage, wire tension and input power increases the kerf width where the significant contribution was from pulse on time, input power and sever voltage [@bib16]. In addition, inverse relationship existed between feed rate and kerf width. Aniza *et al.* also noted a decrease in kerf width with increase feed rate [@bib17]. Therefore, it was suggested to avoid higher feed rate to achieve accurate kerf width. Aspinwall *et al.* observed that, short duration and high frequency pulse contributed towards lower workpiece damages during WEDM of Ti6Al4V alloy where the recast layer thickness was minimum [@bib18]. M. Manjaiah *et al.* observed that, an increased discharge current resulted in increased surface roughness due to increased spark strike rate on its surface [@bib19]. Surface finish is more favourable, if the pulse off time is longer at certain discharge current. Kumar *et al.* investigated the influence of peak current, pulse on/off time and spark gap voltage on the finish of the surface of pure titanium during WEDM by brass wire electrode [@bib20]. According to their findings, higher pulse on time and peak current form wider and deeper irregular topography and poor surface quality; whereas, better surface texture occurred at lower values of electrical process parameters. Lenin *et al.* concluded that, kerf width rises with the rise of pulse on time as well [@bib21]. Further, taper occurs towards the completion of machining. The cutting width tends to be greater in comparison of electrode wire width. Average kerf width of 0.335 mm by brass wire electrode was best based on machining cost and time [@bib22]. Alias et al. reported that, increase of pulse off time from 1 to 5 μs and peak current from 4 to 12 A increase the kerf width significantly [@bib23]. Nevertheless, the contribution of pulse off time was higher that of peak current. The optimum arrangement of cutting variables for kerf width were peak current of 12 A, pulse on time of 5 μs, wire speed of 4 mm/min and wire tension of 6 N.

The above discussion indicates that, there are many investigations on WEDM of titanium alloys. However, the ranges and variation of parameters considered in those investigations are very limited, representing a narrow range. In addition, further details on machined surface, kerf width, spark gap and tool electrode wire are required to better understand the WEDM of titanium alloy for widening it applications. To address these issues, this study varies wire tension, flushing pressure and pulse on time in a wider range and examine the influence of these variables on machined surface, kerf width, spark gap, MRR and degradation of wire electrode.

2. Materials & methods {#sec2}
======================

Ti6Al4V alloy was machined using the FANUC ROBOCUT $\propto$ 0iD WEDM. [Table 1](#tbl1){ref-type="table"} shows the chemical compositions of Ti6Al4V alloy. Cylindrical blocks of Ø 12 mm were machined from 9 mm thick titanium plates at different machining conditions as shown in [Table 2](#tbl2){ref-type="table"}. Brass wire of Ø 0.25 mm coated with zinc was used as tool electrode during all the experiments under 10 l/min flushing rate, 85 V open circuit voltage, 10 m/min wire speed, 20 V servo voltage, and 26 μs pulse off time. Deionized water was used as di-electric fluid. The surfaces of Ti6Al4V and wire after machining were investigated by energy dispersive x-ray (EDX) equipped field emission scanning electron microscope (Quanta 450 FE-SEM, FEI).Table 1Elements in Ti-6Al-4V alloy as analysed by EDX.Table 1ElementsSnCMnSiCrFeVAlTiComposition (wt. %)0.0010.0060.00530.010.0210.0913.7146.32189.83Table 2Design of experiments.Table 2Expt. no.Pulse on time (μs)Flushing pressure (MPa)Wire Tension (gf)14151400261514003815140041015140058101400687140078181400881511009815800108151700

Mitutoyo Surtest SJ-201 with 0.0025 mm radius stylus tip was used to measure the roughness of the machined surfaces using a cut off length of 0.8 mm. The stylus of the tester was placed at a chosen position and then gently dragged automatically across the surface. Then the measured arithmetic surface roughness (Ra) was digitally displayed in the instrument. The kerf width was measured by Olympus BX51M optical microscope at 50x magnification which was used to calculate the material removal rate. The spark gap was calculated by halving the deductions of wire diameter from average kerf width.

3. Results and discussion {#sec3}
=========================

3.1. Machined surface {#sec3.1}
---------------------

[Fig. 1](#fig1){ref-type="fig"} presents the elemental composition (wt. %) and morphology of machined surface of titanium alloy generated from WEDM at different pulse; where the flushing pressure and wire tension were constant at 15 MPa and 1400 gf, respectively. The machined surfaces contain multi-layered recast layer, as show in the cross-section images in [Fig. 2](#fig2){ref-type="fig"}. The inner layer looks solid with lots of cracks and holes in it, whereas the outer layers are discontinuous flaky type islands on the top of solid layer. The localised flaky layers don\'t contain any cracks in it. The population of the flakes varies with the pulse on time, as the flakes rises with the rise of pulse on time till 8 μs ([Fig. 1](#fig1){ref-type="fig"}c). At 8 μs of pulse on time, flakes are so densely populated that the cracks on solid layer are not clearly visible. After that, the flakes are merged/strongly bonded with the layer underneath at 10 μs of pulse on time and the visibility of the cracks increase as shown in [Fig. 1](#fig1){ref-type="fig"} (d). The machined surface also experienced the diffusion of elements such as, Zn and Cu from electrode wire. The amount of diffusion varies with the variation of pulse on time, but no specific trend was noticed between pulse on time and elemental diffusion.Fig. 1Composition (wt. %) and morphology of machined surface of titanium alloy after WEDM at different pulse on time: (a) 4, (b) 6, (c) 8 and (d) 10 μs; when the flushing pressure and wire tension were 15 MPa and 1400 gf, respectively.Fig. 1Fig. 2Typical cross-sectional view of Ti6Al4V surface machined by wire EDM.Fig. 2

[Fig. 3](#fig3){ref-type="fig"} shows the composition (wt. %) and morphology of machined titanium alloy surface by WEDM at different flushing pressure when the pulse on time and wire tension were constant at 8 μs and 1400 gf, respectively. In this case, flaky layers were connected to each other and, the cracks and holes are visible on it. The underneath solid layer can be seen through the holes of flaky layers where it is discontinuous. No significant difference in the surface appearance was noticed with the variation of flushing pressure except at 15 MPa ([Fig. 3](#fig3){ref-type="fig"} c) where the flaks are highly populated and appear loosely connected with solid underneath layer compared to the other cases. The amount of wire electrode material diffusion also affected by the variation of flushing pressure. The maximum amount of diffusion of Zn and Cu were noticed at highest flushing pressure of 18 MPa ([Fig. 3](#fig3){ref-type="fig"}d).Fig. 3Composition (wt. %) and morphology of machined surface of titanium alloy after WEDM at different flushing pressure: (a) 7, (b) 10, (c) 15 and (d) 18 MPa when the wire tension and pulse on time are of 1400 gf and 8 μs, respectively.Fig. 3

It seems that, the cooling rate of the outer surface does not vary significantly with the variation of flushing pressure of electrolyte after machining. Therefore, the appearance of machined surface doesn\'t vary noticeably. It is not known yet why the flaks are highly populated and appear loosely connected with solid underneath layer at 15 MPa flushing pressure. However, this might be because of the discrete nature of EDM where the spark gap is not even at all times \[[@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31]\].

[Fig. 4](#fig4){ref-type="fig"} demonstrates the composition (wt. %) and morphology of machined titanium alloy surface produced by WEDM at different wire tension when the flushing pressure and pulse on time ere 15 MPa and 8 μs, respectively. In this case, the flaky layers are connected to each other but distributed non-uniformly and the occurrence of visible cracks and holes are much less prominent compared to those shown in [Fig. 4](#fig4){ref-type="fig"}. The solid underneath layer can be seen through the holes of flaky layers where it is discontinuous. The number of flakes increase and become more solidified and uniform while the wire tension rises. The number of visible cracks is much less compare to [Fig. 3](#fig3){ref-type="fig"} and remains unchanged with the variation of tension in wire. The amount of wire electrode material diffusion also affected by the variation of the flushing pressure. However, no specific trend was noticed between the amount of element diffusion and wire tension.Fig. 4Composition (wt. %) and morphology of machined surface of titanium alloy after WEDM at different wire tension: (a) 800, (b) 1100, (c) 1400 and (d) 1700 gf when the pulse on time and flushing pressure were of 8 μs and 15 MPa, respectively.Fig. 4

The tension in wire controls its flexibility and became relatively rigid at higher wire tension. A longer length of wire takes part in machining when the wire tension is low where the wire has more chance to vibrate and deviate from the expected travel path. Thus, it might remove flakes around the machining zones and induces a non-uniform appearance due to flexible nature of the wire electrode. Therefore, all these might be minimised with the rigid wire at higher tension.

In all cases, as mentioned above, it is interesting to note that, multilayered recast layers form on titanium alloy surface generated by WEDM. This kind of recast layer must be occurring due to the distinguished properties of titanium alloy such as, chemical reactivity at high temperature, high melting point, low thermal conductivity and low density. It seems that, the flaky layer is made of mostly oxides, as confirmed by EDX analysis, due to oxidation as a result of electrolysis of the electrolyte. The flaky appearance took place due to rapid cooling of the molten/semi-molten material. The underneath solid layer just below the flaky layer is formed when the Ti6Al4V is cooled under very high rate cooling rate. Ti6Al4V alloy has very low thermal conductivity, and therefore cooling rate vary significantly from layer to layer of the workpiece. The outermost surface experience highest temperature and cooling rate and subsequent decrease of heat transfer along the depth of the workpiece contribute to form the recast layer in multiple layers.

The influence of input parameters on the machined surfaces roughness are shown in [Fig. 5](#fig5){ref-type="fig"}. The disparity of surfaces roughness is not significant and there is no noticeable trend of surface roughness while varying flushing pressure and wire tension. This is highly expected, as the flushing pressure and wire tension don\'t contribute to electric discharge directly; however, help to clean the machining zone and sustain the accuracy of machining respectively. Material is removed by a series of electrical sparks that rise the temperature in the range of 8000--12000 °C between the workpiece and the electrode [@bib29]. WEDM is a discrete process, where the machining environment varies time to time depending on local temperature build-up, concentration and size of debris, wire electrode deformation and wear etc [@bib30]. Therefore, very irregular surfaces are generated as shown in Figs. [1](#fig1){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [4](#fig4){ref-type="fig"}. The irregular distribution of cracks and flakes of different sizes on machined surface don\'t allow to have any specific trend for the rage of flushing pressure and wire tension considered in this investigation. On the other hand, as shown in [Fig. 5](#fig5){ref-type="fig"}, shorter pulse on times (4 and 6 μs) offer lower surface roughness compares to that of longer pulse on times (8 and 10 μs). This is well know that, shorter pulse on time generates less discharge energy at a time which produces shallower crater and provides smoother ups and downs on the machined surfaces and results comparatively lower surface roughness [@bib5].Fig. 5Effect of variation of (a) pulse on time, (b) flushing pressure and (c) wire tension on surface roughness of machined surface of titanium alloy after WEDM.Fig. 5

3.2. Kerf width and spark gap {#sec3.2}
-----------------------------

The kerf width is the real gap across the slot after machining, which is generally larger than the diameter of wire electrode. The kerf widths at top and bottom of the workpieces generally vary because of the wear or deformation of electrode wire and change of electrolyte concentration. [Fig. 6](#fig6){ref-type="fig"} shows the influence of pulse on time ([Fig. 6](#fig6){ref-type="fig"}a), flushing pressure ([Fig. 6](#fig6){ref-type="fig"}b) and wire tension ([Fig. 6](#fig6){ref-type="fig"}c) on the width of kerf at top and bottom of the workpiece during WEDM of Ti6Al4V alloy. The kerf widths at the bottom and top of the slot are seen to increase with the rise of pulse on time. This is because of dissipation of more energy at a time with the rise of pulse on time. The variation between top and bottom kerf widths is insignificant as pulse on time varies. This might be due to the balancing out of the wire electrode deformation with the change of properties of electrolyte due to debris formation (oxide) during machining.Fig. 6Effect of (a) pulse on time, (a) flushing pressure and (c) wire tension on kerf width during WEDM of titanium alloy.Fig. 6

The top kerf width is much higher than that at bottom at lower flushing pressure. This is due to the contamination of electrolyte at low pressure due to the formation debris which changes the electrical properties of dielectric and reduces the efficiency of material removal. This reduces the kerf width at the bottom. In addition, fresh unwearied wire electrode generates bigger kerf at the top. The smaller kerf with at the bottom is because of wear of wire electrode. With the rise of flushing pressure, the dissimilarity between the top and bottom kerf widths decreases through balancing wire electrode deformation and wear, and electrical properties of electrolyte. Both the top and bottom kerf widths increase significantly with further increase of flushing pressure which might be due to better cooling of the wire electrode which reduces wear and deformation, and cleaned spark zone at high flushing pressure.

The widths of kerf at the bottom and top are seen to decrease with the rise of tension in wire as shown in [Fig. 6](#fig6){ref-type="fig"}c. As previously mentioned, tension in wire influences the flexibility of electrode wire. At lesser tension, the wire remains stretchy and active length of wire is longer which induces more heat and removes more materials; thus, produces wider kerf. On the other hand under higher tension, the wire electrode becomes rigid and the diameter of the wire decreases which gives reduced kerf width. The variance between the bottom and top kerf widths does not follow any trend.

Similar to kerf width, spark gap also varies with machining parameters as well as wire electrode diameter and properties of electrode. The influence of flushing pressure, wire tension and pulse on time on average spark gap is presented in [Fig. 7](#fig7){ref-type="fig"}. The average trends, as seen in the graphs, spark gaps increase with the rise of pulse on time but decreases with the rise of wire tension and flushing pressure. Increased pulse on time induces more energy at a time and removes more materials which creates increase spark gap. The higher flushing pressure cleans the debris from machining zone more efficiently and reduces the chance for debris to concentrate which leads to reduced spark gap. On the other hand, the wire becomes rigid at higher tension and the wire diameter decreases which gives reduced spark gap. It is unexpected that the spark gap at 4 μs of pulse on time and 1400 of gf wire tension is higher than that at 6 μs of pulse on time and 1100 of gf wire tension as displayed in [Fig. 7](#fig7){ref-type="fig"}. The reason of these are not known yet withstanding the fact that, EDM is a discrete process and thus the spark gap is not even at all times. This strange results might be due to the frenzied spark, disparity of electrolyte properties and flush rate because of blocking by debris [@bib31].Fig. 7Influence of variation of (a) pulse on time, (b) flushing pressure and (c) wire tension on average spark gap during WEDM of titanium alloy.Fig. 7

3.3. Material removal rate {#sec3.3}
--------------------------

The pule-on-time contributes towards the heat input, flushing pressure affect the removal of debris and replacement of fresh dielectric, and the wire tension contributes towards the flexibility of the wire i.e. the mechanical capability to continue the procedure steadily [@bib25]. The influence of pulse on time, flushing pressure and tension in wire on MRR is presented in [Fig. 8](#fig8){ref-type="fig"}. The average trends is that, MRR increase with the rise of pulse on time but it decreases with the rise of wire tension. The reasons for increased MRR with the rise of pulse on time and decreased tension in wire are already explained above. [Fig. 8](#fig8){ref-type="fig"} also indicates that MRR at low flushing pressure (7 MPa) is comparatively low but with the rise of flushing pressure, MRR increases and then it remains almost constant with further increase of flushing pressure. It seems that, at low flushing pressure the debris clogs the machining zone and sparks happen without removing any materials. On the other hand, a balanced machining environment is maintained at higher flushing pressure which leads almost steady material removal rate.Fig. 8Effect of variation of (a) pulse on time, (b) flushing pressure and (c) wire tension on MRR during WEDM of titanium alloy.Fig. 8

3.4. Wire degradation {#sec3.4}
---------------------

During WEDM process, wire material is also removed gradually in addition to workpiece material due to generation of high temperature. The wire electrode also experience significant deformation due to high temperature and tension, and in many instances the wire fails (physically brake down) during machining process \[[@bib12],[@bib32]\]. [Fig. 9](#fig9){ref-type="fig"} represent the fresh and unused wire surface and its composition. Uniformly oriented Zn grains are visible on the surface as confirmed by EDX analysis. However, the morphology of the wires changes completely after using it in the machining process. The influences of pulse on time, flushing pressure and tension in wire on the composition and morphology of used unbroken wire electrode are given in Figs. [10](#fig10){ref-type="fig"}, [11](#fig11){ref-type="fig"} and [12](#fig12){ref-type="fig"}. The figures confirm, the depletion of Zn coating from the surface of the wire as well as spreading of melted Cu from wire core. The EDX results indicate that the used wire surface mostly consists of Zn and Cu though the traces of Ti, Al and V were also noticed; which was transferred from workpiece material due to spattering and diffusion. There were no noticeable variation of wire morphology with the variation of input parameter. However, minor change of composition was noticed with the variation of input parameters which didn\'t follow any trend. The events of electric spark are non-uniform and inconsistent, which result in irregular existence of workpiece material on electrode wire.Fig. 9Morphology and composition of unused wire electrode.Fig. 9Fig. 10Morphology and composition of wire electrode after WEDM of titanium alloy at different pulse on time: (a) 4, (b) 6, (c) 8 and (d) 10 μs under flushing pressure and wire tension of 15 MPa and 1400 gf, respectively.Fig. 10Fig. 11Morphology and composition of wire electrode after WEDM of titanium alloy at different flushing pressure: (a) 7, (b) 10, (c) 15 and (d) 18 MPa under pulse on time and wire tension of 8 μs and 1400 gf, respectively.Fig. 11Fig. 12Morphology and composition of wire electrode after WEDM of titanium alloy at different wire tension: (a) 800, (b) 1100, (c) 1400 and (d) 1700 gf under pulse on time and flushing pressure of 8 μs and 1400 MPa, respectively.Fig. 12

The adhesion of molten/semi-molten workpiece material on wire electrode usually takes place during sparking because of spattering [@bib25]. The used wire surface displays existence of a number of craters because of spark and re-deposition of frozen workpiece material.

4. Conclusions {#sec4}
==============

The present research examines the influence of wide range of machining variables such as, pulse on time (4--10 μs), flushing pressure (7--18 MPa) and wire tension (800--1700 gf) on the morphology of machined surfaces during WEDM of Ti6Al4V alloy. In addition to machined surface morphology for example, recast layer formation and surface roughness, kerf width, discharge gap, material removal rate and degradation of wire electrode was also analysed pertaining to input variables. Based on the experimental data and aforementioned data analyses/discussion, following conclusions can be drawn:(a)The machined surfaces consist of multi-layered recast layer with the presence of cracks, holes as well as traces of wire electrode materials. The top layer of the recast layer is mostly the flaky spattered oxides which is discontinuous in nature and weakly attached with underneath solid layer. The population of the flaks varies with machining conditions. The underneath of recast layer is solid and dense.(b)The variation of surface morphology and composition of the machined surface with respect to machining conditions is not significant. The slight variations of these output parameters with machining conditions don\'t follow any trend. Shorter pulse on times (4 and 6 μs) gave lower surface roughness. There is no noticeable variation and trend of surface roughness while varying flushing pressure and wire tension.(c)The kerf widths at the bottom and top of the slot are seen to increase with the rise of pulse on time. The kerf width at the top is much higher than that at bottom at low flushing pressure. The kerf widths at the bottom and top are seen to decline with the rise of tension in wire. In general, MRR increases with the rise of pulse on time, and decreases with the increase of tension in wire; but with the increase of flushing pressure, MRR initially increases and then remains almost unchanged.(d)During WEDM process, Zn coating on the wire electrode became depleted and wears out in addition to splashing of melted Cu from wire core. The influence of input parameters on wire morphology and composition is negligible. The wire surface also contains traces of workpiece material which might transfer due to spattering and diffusion.
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